The preferential solvation parameters defined as the differences between the local mole fraction of solvents around analgesic drug acetaminophen and those for the bulk co-solvent composition in propylene glycol + water mixtures were derived from their thermodynamic properties by means of the inverse Kirkwood-Buff integrals (IKBI) and the quasi-lattice-quasi-chemical (QLQC) methods. It is found that acetaminophen is sensitive to solvation effects, so according to IKBI method the preferential solvation parameter xPG,A, is negative in water-rich mixtures but positive in medium compositions and in co-solvent-rich mixtures. It is conjecturable that in water-rich mixtures the hydrophobic hydration around the aromatic ring and methyl group present in the drug plays a relevant role in the solvation. The bigger drug solvation by co-solvent in mixtures of similar solvent proportions and in propylene glycol-rich mixtures could be due mainly to polarity effects. Otherwise, according to QLQC method, this drug is preferentially solvated by the co-solvent in all the mixtures.
INTRODUCTION

Acetaminophen (N-(4-hydroxyphenyl)ethenamide, CAS RN [103-90-2],
, A or ACP) is also known as paracetamol and is a drug commonly used in current therapeutics because of its analgesic and antipyretic effects. This analgesic drug is specially indicated in the treatment of several minor diseases presented mainly by pediatric patients [1, 2] . It is well known that the solubility of drugs in cosolvent mixtures knowledge is very important for pharmaceutical and chemical scientists involved in several development stages such as drug purification and design of liquid medicines [3] . Although cosolvency, as good solubilizing technique has been employed in pharmacy for centuries, it is just recently that the mechanisms involved to increase or decrease drugs solubility have been approached from a rigorous *Address correspondence to this author at the Grupo de Investigaciones Farmacéutico Fisicoquímicas, Departamento de Farmacia, Facultad de Ciencias, Universidad Nacional de Colombia, A.A. 14490, Bogotá D.C., Colombia; Tel: 571-3165000-14608; Fax: 571-3165060; E-mail: fmartinezr@unal.edu.co physicochemical point of view [4] . In this way, some thermodynamic researches about solubility of ACP in aqueous co-solvent mixtures were published based on the enthalpic and entropic contributions to the respective Gibbs energies of solution, mixing and solvation [2, 5] . Nevertheless, the drug preferential solvation, i.e. the co-solvent specific composition around the drug molecules has not been completely studied for this analgesic drug. Therefore, the main goal of this paper is to evaluate the preferential solvation of ACP in propylene glycol + water co-solvent mixtures, based exclusively on thermodynamic definitions. As it is well known, propylene glycol and ethanol are the more widely used co-solvents in the design of liquid pharmaceutical dosage forms [4] . Even more, several products using aqueous mixtures of propylene glycol as vehicle have been described in the literature [4] . Thus, this work is a continuation of the one presented previously in the literature about the behavior of this drug in some ethanol + water mixtures [6] .
The inverse Kirkwood-Buff integrals (IKBI) are a powerful tool for evaluating the preferential solvation of non-electrolytes in co-solvent mixtures, describing the local compositions around the solute with respect to the different components present in the solvent mixture [7] [8] [9] [10] . Applied to our research now, this treatment depends on the values of the standard molar Gibbs energies of transfer of ACP from neat water to the propylene glycol + water co-solvent mixtures and the excess molar Gibbs energy of mixing for the co-solvent binary mixtures free of drug. In similar way, quasilattice quasi-chemical (QLQC) approach is also useful to do evaluate preferential solvation although is not too much exact as IKBI approach is. This method supposes that the number of nearest neighbors a molecule has (the lattice parameter Z) is the weighted mean of the lattice parameter of the pure components. It also presumes that the interaction energy of a molecule of any component with others is independent of the nature of the neighbors. The model also assumes that ideal volumes and entropies of mixing take place. The main advantage of this method is that non-derivative functions are required as they are in the case of the IKBI method [7] . Therefore, in this paper the IKBI and QLQC approaches are applied to evaluate the preferential solvation of ACP in the binary mixtures conformed by propylene glycol (PG) and water (W). The results are expressed in terms of the preferential solvation parameter ( x PG,A ) of the solute by the cosolvent propylene glycol according to the mixtures composition.
THEORETICAL
BACKGROUND AND CALCULATIONS
The Kirkwood-Buff integrals (G i , A ) are given by the following expression:
Here g i,A is the pair correlation function for the molecules of the solvent i in the PG + water mixtures around the solute ACP (indicated as A in the equations), r the distance between the centers of the molecules of ACP and PG or water and r cor is a correlation distance for which g i,A (r > r cor ) 1. Thus, for all distances r > r cor up to infinite, the value of the integral is essentially zero. Therefore, the results are expressed in terms of the preferential solvation parameter x i,A for the solute in solution by the component solvents PG and water [11, 12] . For PG this parameter is defined as: Values of x PG,A are obtainable from those of G PG,A , and these in turn, from thermodynamic data of the cosolvent mixtures with the solute dissolved on it, as shown below [13] [14] [15] .
Algebraic manipulation of the basic expressions presented by Newman [16] ) for the individual solvent components in terms of some thermodynamic quantities as shown in equations (3) and (4) [12, 15, 16] :
Where T is the isothermal compressibility of the PG + water solvent mixtures (in GPa 
Because the dependence of T on mixtures composition is not known for a lot of the systems investigated normally in pharmacy, and because of the small contribution of RT T to the IKBI method, the dependence of T on composition could be approximated by considering additive behavior,
, where x i is the mole fraction of component i in the mixture and T ,i 0 is the isothermal compressibility of the pure component i. For PG + water mixtures the preferential solvation parameter can be calculated from the Kirkwood-Buff integrals as follows [10, 17] :
Here, the correlation volume, V cor , is obtained by means of the following expression [16, 17] :
Where r A is the radius of the solute (in nm). However, the definitive correlation volume requires iteration, because it depends on the local mole fractions. This iteration is done by replacing x PG,A in the equation (2) to calculate x PG,A L until a non-variant value of V cor is obtained [17] .
For the QLQC method, the local mole fraction of PG around the ACP molecules is defined as [15] :
In these equations, the lattice parameter Z is usually assumed as 10. N PG and N W are the number of molecules of both components in the bulk, whereas, N PGPG , N WW , and N PGW are the number of neighboring pairs of these molecules in the quasi lattice. Equation (11) expresses the difference in the molar neighbor interaction energies of ACP with the propylene glycol and water, E PGW,A , by the molar Gibbs energy of transfer from water to propylene glycol per neighboring lattice. E PGW denotes the molar energy of interaction of solvent on neighboring quasi-lattice sites. It is important to keep in mind that just the Gibbs energy of the drug transfer between the neat solvents and the excess Gibbs energy of mixing at equimolar composition of both solvents are required for this method.
RESULTS AND DISCUSSION
The solubility of ACP in PG + water mixtures was taken from Jiménez and Martínez [2] . Standard molar Gibbs energy of transfer of this drug from neat water to PG + water mixtures is calculated and correlated to regular quartic polynomials from the drug solubility data by using equation (9) . This degree of polynomials was chosen based on some significant statistical parameters, such as, determination coefficients and residual analyses (values not shown here). All calculations were made by using MS Excel® and TableCurve 2D v5.01. Otherwise, Figure 2 shows the Gibbs energy of transfer behavior at 303.15 K whereas Table 1 shows the behavior at all the temperatures studied. The coefficients of the polynomials are shown in Table 2 .
Thus D values are calculated from the first derivative of polynomial models (Equation 10) solved according to the co-solvent mixtures composition. This procedure was done varying by 0.05 in mole fraction of PG. D values are reported in Table 3 .
The physicochemical properties of the PG + water binary mixtures, i.e. Q and RT T values, as well as the partial molar volumes of PG and water, at the three temperatures considered here, were taken from the literature [17] .
Partial molar volumes of non-electrolyte drugs are not frequently reported in the literature. This is due to the big uncertainty in its determination because of the low solubilities exhibited, in particular in aqueous media. For this reason, in a first approach the molar volume of ACP is considered here as independent of co-solvent composition and temperature, as it is calculated according to the groups contribution method proposed by Fedors [18] . Thus, this value has been considered as reported by Ahumada et al. as V A = 111.2 cm 3 mol -1 [19] and used to estimate the preferential solvation of this drug in ethanol + water mixtures [6] . Otherwise, the radius of the drug molecule was also taken from the literature as r A = 0.353 nm [6] . In order to use the IKBI method, the correlation volume was iterated three times by using the equations (2), (7) and (8) to obtain the values reported in Table 5 . It is interesting to note that this value is almost independent on temperature in water-rich mixtures but increases in some extent in PG-rich mixtures as expectable according to the respective molar expansibilities [20] .
According to Figure 3 ). In the case of ethanol + water mixtures the minimum value was also obtained in the mixture with x EtOH = 0.10 but in that case the solvation parameter was bigger in magnitude ( x EtOH = -3.24 x 10 -2 ) [6] . As was indicated previously, possibly the structuring of water molecules around the non-polar groups of this drug, i.e. the hydrophobic hydration of the aromatic ring and methyl groups, contributes to lowering of the net x PG,A to negative values in these water-rich mixtures ( Table 5 ).
In the mixtures with composition 0.20 < x PG < 1.00, the local mole fractions of PG are greater than those for water. In this way, the co-solvent action may be related to the breaking of the ordered structure of water (aggregates stabilized by hydrogen bonding) around the non-polar moieties of the drug, which could increases the solvation of the ACP and exhibiting a maximum value near to x PG = 0.40, i.e. x PG,A = 1.37 x 10 -2 at 303.15 K.
As has been indicated earlier, ACP could act in solution as a Lewis acid due to the hydrogen atoms in its -OH and -NH groups (Figure 1 ) in order to establish hydrogen bonds with proton-acceptor functional groups in the solvents (oxygen atoms in -OH). In addition, this drug could act as a Lewis base due to free electron pairs in oxygen atoms of hydroxyl and carbonyl groups (Figure 1) to interact with acidic hydrogen atoms present in both solvents. In this context, ACP has two hydrogen-bonding donor and two hydrogen-bonding acceptor groups [6] .
According to the preferential solvation results, it is conjecturable that in intermediate composition and in PG-rich mixtures, the ACP is acting as Lewis acid with PG molecules because this co-solvent is more basic than water, i.e. the Kamlet-Taft hydrogen bond acceptor parameters are = 0.78 for PG and 0.47 for water [21] . On the other hand, it is interesting to compare these results with those reported for ACP in ethanol-rich mixtures (Empty dots in Figure 3) , where the drug is preferentially solvated by water (0.78 < x EtOH < 1.00) [6] . In that case this drug could be acting mainly as a Lewis base in front to water because the KamletTaft hydrogen bond donor parameters are, = 1.17 for water and 0.86 for ethanol, respectively [6, 22] . Thus, water is more acidic than ethanol. Nevertheless, the reasons for this difference between PG + water and ethanol + water mixtures remain unclear.
On the other hand, in order to use the QLQC method, the excess Gibbs energy of mixing values of the equimolar mixture of both solvents were used as follows,-7.03 x 10 as has been indicated in the literature, the IKBI method is more adequate than QLQC method to discriminate the effect of the co-solvent composition on the local mole fraction of the solvents around the drug molecules, in particular in the water-rich mixtures [9, 10] . Nevertheless, it is important to keep in mind that QLQC requires only two specific experimental values, i.e. the Gibbs energy of transfer of ACP from water to co-solvent and the excess Gibbs energy of mixing in the co-solvent mixture with composition x 1 = 0.50, and therefore, it is more easy to use.
CONCLUSION
In this work some explicit expressions for estimating the local mole fraction of propylene glycol and water around acetaminophen molecules were derived based on the IKBI and QLQC methods applied to the reported equilibrium solubility values of this drug in some PG + water mixtures. Thereby, according to the IKBI method this drug is preferentially solvated by water in waterrich mixtures but preferentially solvated by PG in mixtures with intermediate composition and in PG-rich mixtures at all temperatures considered. These results are in agreement with those described previously for this drug, which were based in more classical thermodynamic treatments, i.e. quantities for drug solution, mixing and overall solvation processes [2] . Otherwise, according to the QLQC method, this drug would be preferentially solvated by the co-solvent in all the possible mixtures. Nevertheless, it is important to consider that the IKBI method is more rigorous than QLQC and more reliable results are thus obtained with the former method. 
